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A B S T R A C T

Although most of the methane on Earth is of biogenic origin, significant abiogenic methane has been identified
in a variety of geological environments. Moreover, the presence of methane has been reported recently in fluid
inclusions from a number of reduced porphyry deposits. The genesis of this methane, however, remains poorly
understood. Here, we present results of a study of magma-exsolved CH4-rich aqueous fluid inclusions in the
Seleteguole reduced porphyry–skarn Cu–Mo–Au deposit, NW China. Four types of fluid inclusions, namely in-
termediate-density two-phase aqueous inclusions, low-density vapor inclusions, brine inclusions and aqueous
liquid inclusions, have been distinguished on the basis of the phases present at room temperature. The inter-
mediate-density inclusions were trapped as a single phase and contain 3.8–10.4mol/kg CH4, corresponding to an
oxygen fugacity between ΔFMQ−1 and ΔFMQ−0.5. This attests to the remarkably reduced nature of the fluid.
The δ13C value of the CH4-hosted fluid inclusions ranges from –29.4‰ to –19.1‰ (PDB), which distinguishes
this methane from biogenic methane. Indeed, the high homogenization temperature of the CH4-rich inclusions
(~400 °C) implies that the CH4 was exsolved directly from the magma. Given the environment in which the
magma was likely generated, i.e., at or immediately above a subducting plate, we propose that the methane was
produced by reactions involving organic matter-bearing carbonate rocks in the subduction zone. Although Cu,
Mo and Au in most porphyry systems are interpreted to have been transported under oxidizing conditions, our
results indicate that reduced aqueous liquids and vapors are also capable of transporting appreciable con-
centrations of these metals.

1. Introduction

Methane (CH4), the most abundant reduced carbonic species on
Earth, occurs in oil fields and coal beds, is a component of gas hydrates,
and is commonly reported in analyses of fluid inclusions (e.g., Hall and
Bodnar, 1990; Dubessy et al., 2001; Potter and Konnerup-Madsen,
2003; Sherwood Lollar et al., 2006). It may have contributed to the
origin of life directly as a building block for the synthesis of complex
organic molecules and indirectly as one of the greenhouse gases that
kept temperatures high enough to sustain life (Zahnle, 1986; Fiebig
et al., 2007). Although most of the Earth’s methane is sourced from
biogenic materials during burial and/or diagenesis in sedimentary rocks
(Schoell, 1988; Sherwood Lollar et al., 2002), it can also be produced
together with higher hydrocarbons by several abiogenic processes in-
cluding those associated with magmatism (Schoell, 1988; Salvi and

Williams-Jones, 1997; Sherwood Lollar et al., 2002; Potter and
Konnerup-Madsen, 2003; Fiebig et al., 2007; Etiope and Sherwood
Lollar, 2013; Vasyukova et al., 2016).

Recently, CH4-bearing fluid inclusions have been identified in a
significant number of porphyry- and/or skarn-type deposits (e.g.,
Rowins, 2000; Shen et al., 2010; Zhu et al., 2012; Cao et al., 2014;
Wang et al., 2014; Ren and Ma, 2015). Indeed, the presence of a CH4-
bearing fluid is considered to be one of the diagnostic features of re-
duced porphyry copper deposits (RPCDs), which are generally of small
to medium size but rich in gold (e.g., Rowins, 2000; Smith et al., 2012;
Cao et al., 2014). The origin of the CH4 and its potential role in the
mineralization, however, are still poorly understood. The few studies
that have considered the origin of the CH4, with one exception, have
attributed it to the interaction of the magmas and/or hydrothermal
fluids with carbonaceous sediments (e.g., Zhu et al. 2012; Shen and
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Pan, 2013; Ren and Ma, 2015). The exception is the study by Cao et al.
(2014) of the Baogutu deposit, China, who proposed that the CH4 was
produced by a Fischer–Tropsch synthesis during sodic and potassic
hydrothermal alteration.

In this paper, we report results of a study of CH4-rich fluid inclu-
sions in the Seleteguole Cu–Mo–Au deposit, China. These fluid inclu-
sions are interpreted to be primary (except where hosted by quartz
phenocrysts), and thus are considered to provide direct evidence for the
exsolution of CH4-bearing ore fluid from magma. Based on the results of
detailed petrographic, microthermometric, Raman spectroscopic and
carbon isotopic analyses of the fluid inclusions, we propose that the CH4

was introduced into the magma from methanogenesis in the subduction
zone. We further propose that the reduced nature of the ore fluid fa-
vored the transport of Au over Cu, thereby satisfactorily explaining the
gold enrichment of the Seleteguole deposit and other RCPDs. The in-
sights gained in this study will provide the basis for developing a
comprehensive model for the genesis of RCPDs that will help guide
exploration for this important subclass of porphyry deposits.

2. Geological setting

The Western Tianshan is located in northwestern China and sepa-
rates the Junggar Basin to the north and the Tarim Basin to the south
(Fig. 1a). Tectonically, the Western Tianshan can be subdivided from
north to south into the Northern, Central and Southern Tianshan belts
(Xiao et al., 2013), which are separated by the Northern Tianshan and
the Southern Tianshan sutures, respectively (Fig. 1a). The Northwestern
Tianshan is generally regarded to be a Late Paleozoic continental arc
developed on the Yili Block in response to the subduction of the
Junggar plate (Gao et al., 1998; Wang et al., 2007; Xiao et al., 2013). It
is composed mainly of Precambrian metamorphic basement, Cambrian
to Ordovician epicontinental siliciclastic and carbonate rocks and De-
vonian to Carboniferous clastic sedimentary and volcanic rocks
(Fig. 1b; Zuo et al., 2008). Granitoids are widespread in the North-
western Tianshan and are mostly concentrated in an E–W linear belt
(Fig. 1b). They range in age from Neoproterozoic through Early Pa-
leozoic to Late Paleozoic. Neoproterozoic and Early Paleozoic granitoid
are distributed in Wenquan area and with zircon ages of 942–798Ma
(Hu et al., 2000, 2010) and 466–447Ma (Hu et al., 2008), respectively.
The Late Paleozoic granitoids are distributed mainly along the northern
margin of the Yili block, and are spatially associated with porphyry
deposits, such as the Lamasu (Cu–Zn), Dabate (Cu), Lailisigao’er
(Cu–Mo) and Seleteguole (Cu–Mo–Au) deposits (e.g., Zhang et al.,
2008; Tang et al., 2010; Xue et al., 2011; Zhang et al., 2016).

Seleteguole is a newly-discovered porphyry–skarn Cu–Mo–Au de-
posit on the northern margin of the Northwestern Tianshan (Fig. 1b). It
has a resource of 13,632 tons of Cu (0.12–2.02 wt%), 357 tons of Mo
(0.005–0.13 wt%), and 0.5 tons of Au (5.6–22 g/t). The strata in the
Seleteguole district belong to the Middle Carboniferous Dongtujin
Formation, and consist of thinly to thickly bedded siltstone, siliceous
siltstone, calcareous siltstone, calcareous feldspathic sandstone and
thinly-bedded limestone (Zhang et al., 2016). Three phases of intru-
sions, namely pre-mineralization biotite granite, and syn-mineralization
diorite porphyry and quartz diorite porphyry (Fig. 2a, b), were em-
placed in the carbonate rocks of the Dongtujin Formation. Emplace-
ment of these intrusions led to the development of skarns in the in-
trusive bodies and the country rocks (Fig. 2c, d). Radiometric
determinations using the LA-ICP-MS zircon U-Pb method yielded an age
of 307 ± 3Ma for the biotite granite and an age of 302 ± 3Ma for
both the diorite porphyry and the quartz diorite porphyry (Zhang et al.,
2016). Euhedral ilmenite, which represents reduced feature of the
rocks, is a common accessory mineral enclosed in the primary biotite
(Fig. 2e) or as interstitial phase in rock-forming minerals in these in-
trusions. Locally, original ilmenite was replaced by titanite at its crystal
margins (Fig. 2f). Orebodies in the porphyries are mainly consisted of
quartz–chalcopyrite–molybdenite, quartz–chalcopyrite and

quartz–molybdenite stockworks, with vein thicknesses ranging from
several centimeters to 2 cm (Fig. 2b). Disseminated chalcopyrite and
patchy of molybdenite are also observed in the porphyries. Endoskarn,
composed mainly of garnet, pyroxene, vesuvianite, wollastonite and
quartz, occurs as irregular veins and replacements in the porphyries.
Exoskarn, consisting mainly of garnet, pyroxene, vesuvianite, wollas-
tonite, epidote, chlorite, quartz and calcite, is extensively developed at
the contacts between the porphyries and limestone and host most of the
mineralization (Fig. 2d). The ore minerals in the skarns comprise
chalcopyrite, bornite, chalcocite, molybdenite and native gold, whereas
the gangue minerals comprise garnet, pyroxene, vesuvianite, wollas-
tonite epidote, quartz and calcite.

3. Methods

Fluid inclusions were studied in over 100 samples collected from
outcrops and drill holes. Polished thin sections, approximately 150 μm
thick, were prepared from these samples for fluid inclusion petro-
graphy, microthermometry and Raman spectroscopic analyses. Several
samples with abundant fluid inclusions were selected for carbon iso-
topic analyses.

3.1. Microthermometry

Measurements of the temperatures of phase changes in the fluid
inclusions were conducted on a Linkam THMSG 600 programmable
heating–freezing stage mounted on a Leica microscope at the State Key
Laboratory of Ore Deposit Geochemistry (SKLODG), Institute of
Geochemistry, Chinese Academy of Sciences. The equipment permits
the measurement of phase changes for temperatures ranging from
−196 to 600 °C and was calibrated using the microthermometric be-
haviour of synthetic fluid inclusions of known composition. For tem-
peratures below 0 °C, the accuracy of the measurements was
about± 0.1 °C and for temperatures above 200 °C, it was about± 1 °C.

3.2. Raman spectroscopic analysis

Room temperature Raman spectroscopic analyses of the composi-
tion of the fluid inclusion gases were conducted at SKLODG using a
Renishaw in Via Reflex Raman microprobe equipped with an argon ion
laser having a source of 514 nm. The scanning range for the spectra was
set between 0 and 4,500 cm−1 and the data accumulation time was 60 s
for each scan; the laser beam width was ~1 μm, and the spectral re-
solution ~0.14 cm−1.

Raman spectroscopic analyses of fluid inclusions heated above the
temperature of homogenization were carried out at the Key Laboratory
of Tectonics and Petroleum Resources of the Ministry of Education
(KLPRME), China University of Geosciences (Wuhan) using a JY/Horiba
LabRam HR800 Raman system equipped with a frequency doubled Nd:
YAG laser (532.06 nm) having an output laser power of 45mW, and a
50× long-work-distance Olympus objective with numerical aperture of
0.5. A Linkam CAP500 heating–cooling stage, containing a high pres-
sure optical capillary cell, was used to homogenize the inclusions for in-
situ Raman measurements. Details of the operating conditions for the
Raman instrument and the analytical procedures are reported in Ou
et al. (2015).

3.3. Carbon isotopes

The δ13CCH4 values were determined using a Thermo Finnigan MAT-
253 isotope ratio mass spectrometer at the Analytical Laboratory, Beijing
Research Institute of Uranium Geology (ALBRIUG), China. Samples of
the host minerals were first washed with dilute HCl in order to remove
carbonate and then washed repeatedly with Nanopure water to remove
any contaminants from the crystal surfaces. Methane was extracted from
the samples by thermally decrepitating the fluid inclusions. This involved
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Fig. 1. (a) A simplified geological sketch of the Xinjiang Uygur Autonomous Region and the location of the Northwestern Tianshan, and (b) a geological map of the
Northwestern Tianshan (XBGMR, 1993), showing the locations of porphyry copper and epithermal gold deposits in the region. STS= South Tianshan, CTS=Central
Tianshan, NTS=North Tianshan.
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heating the samples for 15min under a vacuum at 600 °C. The released
CH4 gas was then oxidized to CO2 by reaction with Cu2O and passed
through a dry ice+ ethanol cold trap followed by a liquid N2 cold trap to
remove the H2O. The carbon isotope composition of the CO2 was de-
termined using the mass spectrometer.

The δ13C of the unaltered limestone and altered marble samples
from the Dongtujin Formation were analysed at SKLODG. Small pieces

of limestone and marble were taken from whole-rock samples and
powdered, and approximately 300mg of powder was reacted with
100% H3PO4 under vacuum for 24 h (25 °C). The resulting CO2 was
analysed for its carbon isotope composition on a Thermo Finnigan
MAT-253 isotope ratio mass spectrometer. Calcite GBW 04417, with a
δ13C value of −6.06‰, was used as an external standard. The analy-
tical accuracy was better than± 0.2‰.

Fig. 2. Field and hand specimen photographs of the Seleteguole porphyry–skarn Cu–Mo–Au deposit. (a) Quartz diorite porphyry and biotite granite stocks in the
Dongtujin Formation. (b) Chalcopyrite stockwork veins in the quartz diorite porphyry. (c) A contact zone between the mineralized skarn (the green colored mineral is
malachite) and the Dongtujin Formation. (d) A chalcopyrite–bornite–quartz vein in the exoskarn. (e) Backscattered electron images show the occurrence of euhedral
ilmenite and apatite inclusions in biotite from the quartz diorite porphyry. (f) Replacement of ilmenite by titanite at the crystal margins in the quartz diorite
porphyry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Results

4.1. Fluid inclusion petrography

Fluid inclusions were observed in several minerals of the
Seleteguole deposit, namely in quartz phenocrysts and vein quartz in
the porphyries, garnet and vesuvianite in the prograde skarn, and vein
quartz and calcite in the retrograde skarn. The inclusions were sub-
divided into four types based on the phases and phase ratios observed at
room temperature: (1) intermediate-density two-phase aqueous inclu-
sions, (2) low-density vapor inclusions, (3) solid-bearing brine inclu-
sions, and (4) high-density aqueous liquid inclusions.

The intermediate-density, two-phase inclusions (Type 1) are ob-
served in the quartz phenocrysts and prograde skarn minerals (i.e.,
garnet and vesuvianite). They are up to 30 μm in diameter, commonly
have negative crystal shapes but are otherwise ellipsoidal in shape; the
bubble occupies 40–60 vol% of the inclusions at room temperature
(20 °C; Fig. 3a–c). These fluid inclusions commonly contain one or two
small opaque solids but lack halite. One of the opaque solids has a
tetrahedral shape and may be chalcopyrite (Stefanini and Williams-
Jones, 1996). The Type 1 inclusions in the quartz phenocrysts are ir-
regularly distributed (Fig. 3a). In the prograde skarn, these inclusions

are mainly isolated or occur as three-dimensional clusters (Fig. 3b).
Some Type 1 inclusions occur along the growth zones of skarn minerals
(Fig. 3c), indicating that they are primary inclusions that were trapped
during the crystallization of the host minerals.

Like the Type 1 inclusions, the low-density vapor inclusions (Type
2) and brine inclusions (Type 3) are also observed in quartz phenocrysts
and prograde skarn minerals. The Type 2 inclusions are up to 25 μm in
diameter, contain between 65 and 90 vol% vapor and typically are dark
at room temperature (Fig. 3d). Some secondary vapor inclusions were
observed as trails along healed fractures (Fig. 3e). Solids were not ob-
served in the Type 2 inclusions. Type 3 inclusions were subdivided into
two types, based on the nature and the numbers of solids in them. Type
3a brine inclusions range from 15 to 25 μm in diameter, and contain
halite and in some cases an opaque mineral (Fig. 3f). The consistent
phase ratios among halite, liquid and vapor at room temperature in-
dicate that the halite is a daughter mineral. Type 3b inclusions are up to
40 μm in diameter, and contain halite and up to six solids (Fig. 3g).
These inclusions are only observed in the prograde skarn minerals,
garnet and vesuvianite. Type 3b inclusions occur commonly as irregu-
larly three-dimensional clusters in the garnet and are interpreted to be
primary (Fig. 3g). The inconsistent phase ratios suggest that the halite
was a trapped phase in Type 3b inclusions. The Type 3 inclusions are

Fig. 3. Photomicrographs of the fluid inclusions in the Seleteguole deposit. (a) Type 1 inclusions irregularly distributed in quartz. (b) Ellipsoidal Type 1 inclusions
along a growth zone of garnet. (c) Lenticular Type 1 inclusions along a growth zone in vesuvianite. (d) Type 2 inclusions in garnet. (e) Secondary vapor-rich
inclusions distributed as trails along healed fractures in quartz. (f) A Type 3a inclusion containing halite and an opaque solid in vesuvianite. (g) A Type 3b brine
inclusion in garnet containing halite and several other solids. (h) Aqueous liquid inclusions scattered distributed in quartz veins in porphyry. (i) Aqueous liquid
inclusions distributed as clusters in quartz veins in skarn.
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further distinguished by their microthermometric behavior (see Section
4.2).

The high-density aqueous liquid inclusions (Type 4) occur mainly in
quartz veins in the porphyry and retrograde skarn. They contain liquid
and vapor, with the latter occupying between 10 and 30 vol% of an
inclusion (Fig. 3h and i). Many of these inclusions are irregularly
shaped. They range in diameter from 5 to 30 μm. The Type 4 inclusions
occur as 3-dimensional clusters (primary) and as trails along healed
fractures (secondary).

4.2. Microthermometry

Despite being cooled by liquid nitrogen to a temperature ap-
proaching −196 °C, Type 1 and 2 fluid inclusions did not freeze. This
behavior is consistent with domination of the vapor by CH4, an inter-
pretation that was confirmed by Raman spectroscopic analyses (see
below). Although the equilibrium freezing temperature of CH4 is
−182.5 °C, many studies have shown that CH4 liquid can persist me-
tastably to much lower temperature, i.e., below that attainable with our
heating-freezing stage (Roedder, 1984, and references therein). The
salinity of Type 1 and Type 2 inclusions, therefore, could not be de-
termined from microthermometric measurements. Instead, it was de-
termined by Raman spectroscopic analysis (see below). The salinity of
the Type 3 inclusions was determined from the temperature of final
dissolution of halite (Bodnar and Vityk, 1994) and that of a small
number of Type 4 inclusions from the final melting temperature of CH4-
clathrate using the computer software package FLUIDS of Bakker
(2003). In this study, only primary inclusions (and secondary inclusions
in quartz phenocrysts) showing no evidence of post-entrapment mod-
ification were analysed microthermometrically.

Microthermometric data for the different types of fluid inclusions in
the Seleteguole deposit are presented in Appendix Table 1. The Type 1
inclusions in vesuvianite homogenize at the highest temperature,
namely at 413 ± 16 °C (n= 37) on average. They homogenize in
quartz and garnet at a mean temperature of 390 ± 8 °C (n=20) and
392 ± 7 °C (n= 38), respectively. Whereas the Type 1 inclusions in
vesuvianite and quartz all homogenized to liquid, most of these inclu-
sions in garnet homogenized by critical behaviour, i.e., the vapor
bubble maintained a constant size upon heating until the meniscus that
separates the vapor from the liquid was no longer discernible.

Homogenization of the Type 2 inclusions was difficult to observe
due to their high vapor–liquid ratio and dark color. The mean homo-
genization temperature was 392 ± 6 °C (n= 6), 388 ± 6 °C (n= 9)
and 408 ± 9 °C (n=17) for the inclusions in quartz, garnet and ve-
suvianite, respectively. All these inclusions homogenized to vapor.
However, three inclusions in the garnet showed near critical behavior,
maintaining a constant bubble size below about 370 °C. Above this
temperature, the bubble expanded rapidly and filled the entire inclu-
sion at temperatures ≤390 °C.

The Type 3 inclusions froze at a temperature below ~−90 °C. During
heating, the Type 3a inclusions homogenized either by disappearance of
the vapor or complete dissolution of the halite (Appendix Table 1). Halite
in the Type 3a inclusions in quartz, garnet and vesuvianite dissolved at a
mean temperature of 294 ± 43 °C (n=8), 355 ± 23 °C (n=5) and
387 ± 32 °C (n=7), respectively, corresponding to a salinity of
37.8 ± 3.4, 42.9 ± 2.3 and 46.1 ± 3.3wt% NaCl equiv. Liquid–vapor
homogenization of these inclusions took place at a mean temperature of
323 ± 46 °C (n=8), 384 ± 43 °C (n=5) and 417 ± 23 °C (n=7),
respectively. The first phase change observed upon heating of the Type
3b inclusions was the disappearance of the vapor bubble, which occurred
at a mean temperature of 350 ± 6 °C (n=3) in inclusions hosted by
garnet and 382 ± 4 °C (n=2) in inclusions hosted by vesuvianite. Most
Type 3b inclusions, however, decrepitated before complete dissolution of
the halite. Indeed, final homogenization was only observed for two Type
3b inclusions. In these inclusions, the vapor bubble disappeared at 343 °C
and 386 °C, and complete halite dissolution occurred at 466 °C and

475 °C, respectively. The corresponding salinity was 55.1 and 56.4wt%
NaCl equiv., respectively. The highest temperature at which decrepita-
tion occurred prior to the complete dissolution of the halite was 483 °C,
corresponding to a salinity of>57.4wt% NaCl equiv. These micro-
thermometric data support the conclusion from the inconsistency of the
phase ratios (see above) that the halite in the Type 3b inclusions was a
trapped phase.

On cooling, the Type 4 inclusions in quartz from the porphyries
(veins) and skarn froze when the temperature dropped below about
−40 °C. After being heated, a few of these inclusions were observed to
contain clathrate which decomposed at a mean temperature of
6.8 ± 1.6 °C in porphyry (n=3) and 7.7 ± 1.1 °C in skarn (n=2),
corresponding to a salinity of 4.2 ± 0.2 and 4.4 ± 0.2 wt% NaCl
equiv., respectively. Type 4 inclusions in quartz from the porphyries
(veins) and skarn homogenized at a mean temperature of 230 ± 15 °C
(n= 20) and 300 ± 36 °C (n=23), respectively.

4.3. Raman spectroscopic analysis

Raman analyses of all four types of fluid inclusion at ambient
temperature yielded a peak at ~2916 cm−1, showing that they contain
CH4 (Fig. 4). However, the size of CH4 peak varied with fluid inclusion
type and host mineral. The heights of the CH4 peaks were greater for
Type 1 (Fig. 4a–c) and Type 2 (Fig. 4d) inclusions than for the Type 3
(Fig. 4e) and Type 4 (Fig. 4f) inclusions in the same host (garnet). It is
notable that the spectra did not contain peaks at 1285 cm−1 or
1388 cm−1, which would have indicated the presence of CO2. More-
over, diagnostic peaks of other gas species (e.g., H2 at 4155 cm−1) were
also not observed (Fig. 4). Thus, CH4 was the only gas species detected.

Salinity and CH4 content were calculated from the Unsaturated
Homogenized Solution Method (UHSM) of Ou et al. (2015), which
makes use of the fact that when the inclusions have been homogenized
to contain a single fluid phase, the Raman peak area ratios of the
symmetric stretching vibrational mode of methane to the OH stretching
band of water are a function of salinity and temperature (Fig. 5). As
most of the Type 3 inclusions decrepitated before homogenization and
homogenization of the Type 2 inclusions was difficult to observe due to
their dark colour, the salinity and CH4 content of only Type 1 and Type
4 inclusions were determined using Raman spectroscopy. These inclu-
sions were analysed only in garnet and quartz because vesuvianite
{Ca10(Mg, Fe)Al4[Si2O7]2[SiO4]5(OH, F)4} contains a hydroxyl (OH)
component, which produces a strong peak at the position of the water
peak in the Raman spectrum (Fig. 4c). This precluded reliable calcu-
lation of the proportion of H2O from the area under the H2O peak.

Based on the measurements described above, the Type 1 inclusions
have a mean CH4 content of 6.5 ± 1.5mol/kg and a mean salinity of
3.8 ± 1.3wt% NaCl equiv (Table 1). In contrast, the mean CH4 content
of the Type 4 inclusions is only 0.8 ± 0.3mol/kg. Their salinity is
5.4 ± 1.4wt% NaCl equiv., which, within error, is indistinguishable
from the salinity determined by clathrate decomposition (Section 4.2).

4.4. Carbon isotopes

The CH4-bearing fluid inclusions in fourteen quartz samples from the
porphyries, and five garnet and five vesuvianite samples from the skarn
were analysed for their carbon isotope compositions (δ13CCH4). The fluid
inclusions in garnet, vesuvianite and vein quartz have δ13CCH4 values
ranging from−28.2‰ to−27.4‰ (PDB, average=−27.7‰), −29.4‰
to −28.5‰ (PDB, average=−28.8‰) and −29.2‰ to −19.1‰ (PDB,
average=−25.5‰), respectively (Table 2). These values are similar to
those of fluid inclusions in quartz from the Baogutu RPCD (from−28.6‰
to −22.6‰ with an average of −25.5‰, Cao et al., 2014).

In order to evaluate a possible relationship between the CH4-bearing
fluid and the carbonate rock hosting the skarn, the carbon isotope
composition of the latter was also analyzed. Both the unaltered lime-
stone and altered marble have uniform and positive δ13Cvalues
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between +3.9‰ and +4.4‰ (Table 3), i.e., within the range of values
for marine carbonate (Rollison, 1993).

5. Discussion

5.1. Origin of the CH4-rich fluids: epigenetic versus endogenic

The source of most components (volatiles and metals) in porphyry
deposits is the magma from which they are transported by magmatic
hydrothermal fluids (Hedenquist and Lowenstern, 1994). Leaching of
rocks by heated circulating meteoric and ground waters, however, may
also contribute components (Leybourne and Cameron, 2006; Fekete
et al., 2016). Therefore, before discussing the source of CH4-rich fluids
in porphyry deposits, it is important to first determine whether the CH4

originated from the magma (endogenic) or was incorporated into the
hydrothermal system during the post-magmatic stage (epigenetic).

5.1.1. Epigenetic origin of CH4

Reports of the occurrence of methane in magmatic–hydrothermal

systems have increased during the past two decades (e.g., Potter and
Konnerup-Madsen, 2003; Potter et al., 2004; Taran et al., 2010; Etiope
and Sherwood Lollar, 2013). Some of the occurrences are due to the
incorporation of epigenetic CH4 during a post-magmatic stage. Methane
can be incorporated into magmatic–hydrothermal fluids at subsolidus
conditions through: 1) biogenic processes (Potter and Konnerup-
Madsen, 2003), 2) Fischer–Tropsch synthesis (Salvi and Williams-
Jones, 1997), and 3) reaction with carbonate wall rock (Etiope and
Sherwood Lollar, 2013).

Biogenic CH4 could be incorporated into a magmatic–hydrothermal
fluid by bacterial activity or leaching of organic matter from the wall
rocks (Gize and Macdonald, 1993; Potter and Konnerup-Madsen, 2003).
Bacterial activity can be ruled out because the homogenization tem-
perature of the CH4-bearing fluid is well above that at which bacteria
are capable of surviving. Leaching of country rocks can be also ruled
out but for a different reason, in this case, because the wall rocks and
their un-metamorphosed equivalents are not observed to contain or-
ganic matter. In addition, the CH4 of biogenic origin is remarkably by
the low δ13C values (−110 to −30‰; Rollison, 1993; Whiticar, 1999).

Fig. 4. Laser Raman spectra for Type 1 inclusions in quartz (a), garnet (b) and vesuvianite (c), Type 2 and Type 3b inclusions in garnet (d, e) and Type 4 inclusions in
quartz veins hosted by the quartz diorite porphyry (f). The Raman peaks below 1200 cm−1 are attributed to the host mineral. Note the Raman peak around
3600 cm−1 in the vesuvianite (see text for an explanation).
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In the case of the Seleteguole, however, the δ13C values of the fluids are
much higher (−29.4‰ to −19.1‰), which also eliminates the possi-
bility that the CH4 has a biogenic origin.

Abiogenic hydrocarbons can be generated by Fischer–Tropsch type
reactions between a magmatic CO- or CO2-dominant fluid and H2

produced by hydrothermal reactions (Salvi and Williams-Jones, 1997;
Potter et al., 2004). As mentioned in the introduction to this paper, this
process was invoked by Cao et al. (2014) to interpret the widespread
presence of CH4 in the Baogutu RPCD. The Fischer–Tropsch synthesis
proceeds in nature according to a reaction, catalyzed by iron or iron
oxide, of the type:

n CO2 + (3n+1) H2→CnH2n+2+ 2n H2O
This synthesis produces not only CH4 (n=1), but also other complex,

higher hydrocarbons (n > 1), even at temperatures as high as 600 °C
(Potter et al., 2004). Significantly, however, higher hydrocarbons are
conspicuously absent from the CH4-bearing fluid inclusions in the Sele-
teguole deposit (Fig. 4). Moreover, even if the synthesis was to go to
completion, which will be the case if all the CO2 or H2 is consumed (it is
unlikely that these two components would be consumed simultaneously),
either CO2 or H2 would have been present in the inclusions. The fact that
neither of these gases was detected (Fig. 4) rules out Fischer–Tropsch
synthesis as a possible explanation for how the CH4 originated.

Abiogenic methane can also be formed by the reaction of fluids with
carbonate minerals under hydrothermal conditions (Horita and Berndt,
1999; Etiope and Sherwood Lollar, 2013). Indeed, this process was
proposed as an alternative explanation for the presence of abundant CH4

in the Baogutu RPCD (Shen and Pan, 2013). Furthermore, it is supported
by the observation that the δ13C values of the CH4 of the Seleteguole and
Baogutu deposits are similar to those predicted to result from this process
(Horita and Berndt, 1999). However, CH4 formation is prohibitively slow
in the absence of catalysts (Fe or Ni metal or oxide, e.g., awaruite or

magnetite) even under reducing conditions. Moreover, if catalyzed, the
reaction leads to the formation of higher hydrocarbons such as C2H6 and
C3H8 (Horita and Berndt, 1999; Fu et al., 2007), which are not observed
at Seleteguole. Finally, if the CH4 were sourced from a reaction with
carbonate, the δ13C of the reacted carbonate would have shifted towards
heavier values (Horita and Berndt, 1999; Vitale Brovarone et al., 2017).
However, the reacted carbonate, which at Seleteguole is represented by
residual marble, has a carbon isotopic composition that is indis-
tinguishable from that of the unreacted limestone (Fig. 6). Therefore, we
conclude that the methane in the deposit could not have been produced
by reaction of the fluids with the carbonate.

5.1.2. Endogenic
In porphyry systems, intermediate-to-felsic parent magmas com-

monly contain at least ca. 4 wt% H2O (Naney, 1983; Sillitoe, 2010).
When such magmas ascend to the upper crust and crystallize in re-
sponse to decreasing pressure and cooling, the hydrous silicate melt
becomes saturated with a volatile phase. If the volatile content is suf-
ficient, the vapor pressure may eventually exceed the confining pres-
sure of the system and the aqueous magmatic fluid will be exsolved
from the melt (Cline and Bodnar, 1994). Such fluids are generally
considered to be low-salinity, single-phase (supercritical) fluids ex-
solved at depths below the H2O–NaCl solvus (Williams-Jones and
Heinerich, 2005; Heinrich, 2005), resembling the high-temperature
fluids captured in Type 1 inclusions at Selteguole. Commonly, these
fluids have a significant carbonic component, which, given the oxi-
dizing nature of most porphyry systems, is present as CO2 (e.g.,
Redmond et al., 2004; Rusk et al., 2008; Landtwing et al., 2010; Mao
et al., 2017). Under reducing conditions, such as those of RPCDs,
however, this component will be present as CH4.

A potential concern for a magmatic origin for the methane is its very

Fig. 5. Laser Raman spectra collected at room temperature (a) and the homogenization temperature (b, 400 °C) for the Type 1 inclusions.
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high content in Type 1 inclusions (3.3–7.4mol/kg). This concern,
however, is easily met by the observation that methane is completely
miscible in water at supercritical conditions, although its solubility
decreases sharply with decreasing temperature below the critical point
(Lamb et al., 1996; Krader and Franck, 1987). At the conditions of

entrapment of the Type 1 inclusions (> 400 °C), the solubility of CH4 in
the hydrothermal fluid is, therefore, likely to have been very high.

Given the very high CH4 contents of the Type 1 inclusions it is also
necessary to consider whether granitoid magmas can dissolve sufficient
CH4. There is direct evidence from some melt and fluid inclusion studies
that CH4-dominant fluids can coexist with magma, e.g., the recent study
of Vasyukova et al. (2016) documenting the coexistence of melt and
CH4 inclusions in a granite pluton. This conclusion is also supported by
the occurrences of CH4 bearing melt inclusions in silicate rocks (Li and
Chou, 2014; Wang et al., 2014; Liu et al., 2015). We, therefore, con-
clude that the CH4 in the Seleteguole ore-forming system was part of the
hydrothermal fluid that exsolved from the magma which gave rise to
the syn-mineralization diorite porphyry and quartz diorite porphyry
intrusions.

5.2. Potential reservoirs for CH4

Chemically, the granitoids in the vicinity of the Seleteguole deposit
show evidence of having crystallized in an arc environment, indicating
that the corresponding magmas were generated during subduction
(Zhang et al., 2016). Their positive mantle-like zircon εHf(t) values
(+6.6 to +11.3) also show that the magmas did not experience sig-
nificant crustal contamination during their ascent and emplacement
(Zhang et al., 2016). We therefore conclude that the CH4 must have
been introduced in the subduction zone.

There are three main sources for abiotic CH4 of magmatic origin in
subduction zones: 1) re-speciation of C–O–H fluids during magma
cooling (Potter and Konnerup-Madsen, 2003); 2) deep reduced asthe-
nospheric mantle (Liu and Fei, 2006; Cao et al., 2016); and 3) high-
pressure methanogenesis in the subduction zone (Tao et al., 2018;

Table 1
The salinity and CH4 content of fluid inclusions determined by quantitative Raman spectroscopic analysis.

Sample I3425 I3260 I3425/I3260 Area
(CH4)

Area
(H2O)

PAR Th

(K)
Manacle
(mol/Kg)

Salinity
(NaCl equiv. %)

mCH4

(mol/Kg)

Type 1 inclusions
Slt-108-01 10,473 7902 1.3254 228,179 1,060,789 0.22 673 0.56 3.17 7.44
Slt-108-02 19,466 15,095 1.2896 204,860 1,055,431 0.19 673 0.36 2.05 6.57
Slt-108-03 17,916 13,715 1.3063 233,760 1,395,015 0.17 673 0.45 2.58 5.73
Slt-108-04 6585 4873 1.3513 114,661 782,855 0.15 673 0.70 3.99 5.13
Slt-108-05 7584 5769 1.3146 172,169 921,449 0.19 673 0.50 2.84 6.42
Slt-108-06 9341 6951 1.3438 174,296 992,229 0.18 673 0.66 3.75 6.13
Slt-108-07 8095 6136 1.3193 127,492 476,784 0.27 673 0.52 2.98 9.21
Slt-108-08 5834 4288 1.3605 66,878 459,620 0.15 673 0.75 4.28 5.12
Slt-108-09 12,193 9410 1.2957 372,440 1,620,943 0.23 673 0.39 2.25 7.81
Slt-108-10 6228 4516 1.3791 149,787 903,677 0.17 673 0.85 4.86 5.88
Slt-108-11 13,196 10,092 1.3076 520,528 1,713,143 0.30 673 0.46 2.62 10.40
Slt-108-12 15,168 11,378 1.3331 165,744 798,776 0.21 673 0.60 3.42 7.20
Slt-108-13 11,384 8089 1.4073 93,234 724,446 0.13 673 1.01 5.74 4.62
Slt-108-14 3840 2808 1.3675 412,830 2,209,810 0.19 673 0.79 4.49 6.60
Slt-108-15 10,420 8026 1.2983 91,748 833,870 0.11 673 0.41 2.33 3.75
Slt-108-16 3564 2495 1.4285 135,659 782,827 0.17 673 1.12 6.40 6.28
Slt-108-17 5945 4200 1.4155 170,011 936,977 0.18 673 1.05 5.99 6.54
Slt-108-18 2858 2055 1.3908 214,938 1,083,291 0.20 673 0.92 5.22 7.08
Slt-108-19 2141 1584 1.3516 229,175 1,536,766 0.15 673 0.70 4.00 5.22

Type 4 inclusions
Slt-3-01 5817 4246 1.3700 43,197 1,617,564 0.027 573 0.80 4.57 1.05
Slt-3-02 13,606 9930 1.3702 0.80 4.58
Slt-3-03 17,152 12,181 1.4081 12,263 748,932 0.016 573 1.01 5.76 0.65
Slt-3-04 17,571 13,323 1.3188 17,956 2,201,869 0.008 573 0.52 2.97 0.31
Slt-3-05 24,706 17,518 1.4103 62,685 3,079,831 0.020 573 1.02 5.83 0.81
Slt-3-06 12,093 8428 1.4349 1.16 6.60
Slt-3-07 18,696 12,816 1.4588 100,545 3,202,540 0.031 573 1.29 7.34 1.27

I3425 and I3260 are signal intensities at 3425 cm−1 and 3260 cm−1 (at room temperature).
The areas of the Raman peaks for CH4 (Area CH4) and H2O (Area H2O) were obtained using the software GRAMS/AI (Thermo Galactic).
PAR is the Raman peak area ratio of CH4 and H2O at the homogenization temperature.
Th is the homogenization temperature in K.
mNaCl=−0.116 (I3425/I3260)2+ 5.805 (I3425/I3260)− 6.933.
mCH4=PAR/QF, QF= (−1.001E−05×mNaCl1/2+ 3.703E−05)T+ (2.546E−03×mNaCl1/2+ 7.128E−03).

Table 2
The carbon isotope composition of the CH4 in the fluid inclusions.

Sample Host mineral δ13CV-PDB (‰)

SLT-2-1 Quartz −27.6
SLT-2-2 Quartz −27.5
SLT-2-3 Quartz −27.4
SLT-3-1 Quartz −26.3
SLT-3-2 Quartz −25.8
SLT-3-3 Quartz −27.0
SLT-5-1 Quartz −29.2
SLT-5-2 Quartz −24.8
SLT-5-3 Quartz −27.1
SLT-8-1 Quartz −27.9
SLT-8-2 Quartz −26.9
SLT-27-1 Quartz −20.5
SLT-33-1 Quartz −19.1
SLT-33-2 Quartz −19.2
SLT-14-1 Garnet −27.4
SLT-14-2 Garnet −27.6
SLT-35-1 Garnet −27.7
SLT-35-2 Garnet −27.4
SLT-56-1 Garnet −28.2
SLT-20-1 Vesuvianite −29.4
SLT-20-2 Vesuvianite −28.7
SLT-78-1 Vesuvianite −28.5
SLT-104-2 Vesuvianite −28.8
SLT-104-3 Vesuvianite −28.5
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Vitale Brovarone et al., 2017). In the following sub-sections, we eval-
uate the potential contributions of these sources to the CH4 budget of
the Seleteguole ore-forming system.

5.2.1. Respeciation of C–O–H fluid during magma cooling
During magma cooling, a CH4-rich fluid can evolve in a closed

system from re-equilibration of a magmatic CO2–H2O fluid at low
oxygen fugacity, i.e., ≤QFM – 2 (Potter and Konnerup-Madsen, 2003;
Etiope and Sherwood Lollar, 2013), and this process has been used to
explain the presence of CH4 in some magmatic systems (e.g., Gerlach,
1980; Kogarko et al., 1987; Konnerup-Madsen, 2001). However, re-
speciation of C–O–H to form CH4 requires low temperature (< 500 °C)
and, thus, is restricted to magmas with very low solidus temperatures
(Potter and Konnerup-Madsen, 2003). At Seleteguole, the related
magma had a dioritic composition, and such magmas have solidus
temperatures on the order of 850 °C (Ebadi and Johannes, 1991). It
therefore follows that the Seleteguole diorite could not have provided a
favorable environment for CH4 formation through C–O–H respeciation.

5.2.2. Reduced asthenospheric mantle
Although many studies have concluded that CO2 and H2O are the

major fluid species in the upper mantle (Roedder, 1965; Ertan and
Leeman, 1999), some researchers have proposed that the deeper

asthenospheric mantle may contain primordial CH4 and other hydro-
carbons (e.g., Gold, 1979; Giardini et al., 1982) and that these hydro-
carbons may migrate into the upper mantle through a slab window
(e.g., Cao et al., 2016). However, the δ13C values of CH4 in the Sele-
teguole and Baogutu deposits (from −29.2‰ to −19.1‰ and from
−28.6‰ to −22.6‰, respectively) are too negative to be of astheno-
spheric mantle origin (δ13C=−5 ± 2‰; Deines, 2002), indicating
that the CH4 in these RPCDs could not have been sourced directly from
the asthenospheric mantle.

5.2.3. Methanogenesis in the subduction zone
Methanogenesis ocurrs mainly at low temperature and pressure and

shallow depth (Etiope and Sherwood Lollar, 2013). However, methane
has also been shown experimentally to form and be stable at high
temperature and pressure (Scott et al., 2004; Chen et al., 2008;
Kolesnikov et al., 2009). Thus, an obvious environment in which such
abiotic methane might be produced is subducted oceanic slab, which
contains carbonate and ultramafic rocks with high reducing potential
(Vitale Brovarone et al., 2017) and, indeed, this is the case as shown by
the occurrence of CH4-bearing fluid inclusions in metamorphic rocks
from subduction zones (Fu et al., 2003; Shi et al., 2005; Arai et al.,
2012; Vitale Brovarone et al., 2017). Significantly, for our study,
abundant CH4 inclusions also have been recently detected in the ultra-
high pressure subduction-related metamorphic rocks of the western
Tianshan (Tao et al., 2018). According to Tao et al. (2018), the oxygen
fugacity of western Tianshan subduction zone is relatively low (FMQ –
2.5) and reduced CH4-bearing fluid is continually released from sub-
ducting slab to the overlying mantle wedge.

We can test the applicability of the subduction-related methanoge-
netic model using carbon isotopes. Assuming that the source of the CH4

was slab-derived carbonate rocks (see Tao et al., 2018), and that they
comprised a mixture of carbonate (δ13C≈ 0‰) and organic matter
(δ13C≈−27‰). Based on carbon isotopic fractionation equation of
Horita (2001), formation of the Seleteguole reduced fluid (−29.2 to
−19.1‰) require reduction of carbonate combined with 37.8–75.2%
of organic materials at the temperature of 600 °C. The produced CH4 at
subduction zone could be dissolved in the arc magma and ascended to
the upper regions of the crust. We also note that this hypothesis is
supported by the presence of CH4-rich fluid inclusions in some mafi-
c–ultramafic intrusions (~280Ma; Liu and Fei, 2006) located close to

Table 3
The carbon isotope composition of the limestone and marble in the Seleteguole
deposit.

Sample Lithology δ13CV-PDB (‰)

SLT-62-1 Limestone 4.31
SLT-62-2 Limestone 4.35
SLT-62-3 Limestone 4.35
SLT-63-1 Limestone 4.28
SLT-63-2 Limestone 4.38
SLT-63-3 Limestone 4.36
SLT-62-4 Marble 3.90
SLT-62-5 Marble 3.92
SLT-62-6 Marble 3.93
SLT-64-1 Marble 3.87
SLT-64-2 Marble 3.88
SLT-69-1 Marble 3.86

Fig. 6. A hand sample from the Seleteguole deposit, illustrating the transition from limestone/marble to skarn. Carbon isotope compositions for the CH4 in the fluid
inclusions, limestone and marble are also shown.
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the Seleteguole deposit.
To summarize, reduction of carbanate rocks in a subduction zone is

the most plausible hypothesis to explain the occurrence of CH4 in the
Seleteguole RPCD. Our study not only suggests that abiotic methano-
genesis in the subduction zone may be a more common process than
previously thought but also implies that CH4 is readily dissolved in arc
magmas, which transport it to shallow depth.

5.3. Ore metal transport in reduced fluids

The ore-forming fluids in porphyry systems are generally oxidized,
with the oxygen fugacity (ƒO2) being typically two orders of magnitude
above the fayalite–magnetite–quartz oxygen buffer (ΔFMQ+2) (e.g.,
Mungall, 2002; Sun et al., 2013). The presence of CH4 in primary fluid
inclusions at Seleteguole, however, indicates that the fluids responsible
for forming this deposit were reduced. Indeed, based on the mole
fraction of CH4 in these inclusions and the distribution of species in the
C–O–H system at 400 °C and 1350 bar (assuming the Type 1 inclusions
were trapped at 5 km depth), we estimate that the oxygen fugacity was
between 0.5 and 1 log unit below FMQ (Fig. 7).

Numerous studies have emphasized the importance of bisulfide
complexes (HS−) in transporting metals, especially under reducing
conditions (e.g., Crerar and Barnes, 1976; Mountain and Seward, 2003;
Seo et al., 2009). However, experimental speciation studies reviewed in
Williams-Jones and Migdisov (2014) show that for the salinity and
temperature typically encountered in porphyry systems, Cu is trans-
ported dominantly as an aqueous chloride complex (e.g., CuCl2−), even
under relatively reducing conditions; Mo is transported dominantly as
oxoyacid species (e.g., MoO4

2−, MoO3
2−). According to Williams-Jones

and Migdisov (2014), both Cu and Mo have higher solubility in oxi-
dized fluids (liquids) than in reduced fluids but the difference decreases
with increasing temperature. In the temperature range from 450 to
560 °C, the solubility of Cu in a fluid buffered by the assemblage pyr-
ite–magnetite–hematite (oxidized) is 400–2300 ppm, whereas in a fluid
buffered by the assemblage pyrite–pyrrhotite–magnetite (reduced) it is
250–2000 ppm. The lower solubility of Cu and Mo in reduced fluids
may be the reason that the currently known RPCDs are generally small-
to medium-sized. Another reason probably result in the small size of
RPCDs is that a significant portion of Cu will partition into sulfide

phases in reduced silicate melt and precipitated before transported to
the surface (Sun et al., 2013). Based on the Hard/Soft Acid/Base
principle of Pearson (1963), Au+ is soft metal and will bond pre-
ferentially with soft bases (ligands), i.e., HS– in the fluid. Therefore, in
contrast to Cu, Au is likely to be transported in hydrothermal fluids
under reducing conditions dominantly as complexes involving HS−.
Significantly, most of the World's RPCDs, including Seleteguole, are Au-
rich (e.g., Rowins, 2000; Smith et al., 2012; Cao et al., 2014), which is
consistent with the observation that, in contrast to Cu, which is trans-
ported dominantly as a chloride complex, Au transport as a bisulfide
complex is actually promoted by relatively reducing conditions
(Williams-Jones and Migdisov, 2014).

6. Concluding remarks

The results of this study show that the ore fluids in the Seleteguole
porphyry–skarn Cu–Mo–Au deposit were exsolved directly from a dioritic
magma. The very high CH4 content (3.8–10.4mol/kg) of these fluids,
corresponding to an oxygen fugacity of between ΔFMQ−0.5 and
ΔFMQ−1, indicates that the magmas and fluids at Seleteguole were
reduced. This contrasts with the finding that most porphyry deposits
originate from relatively oxidizing magmas (ΔFMQ+2) and can be ex-
plained by invoking organic rich, carbonate rock-mediated methano-
genesis in the subduction zone. The reduced magmatic CH4-rich fluids
are interpreted to have carried the metal required to form the deposit.
Although the solubility of Cu and Mo is lower in reducing fluids than in
oxidizing fluids, the difference is not significant. Moreover, Au solubility
is actually enhanced in reducing fluids, potentially explaining why the
Seleteguole deposit and other RPCD deposits are enriched in Au.
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Appendix A

See Table 1.

Fig. 7. Mole fractions of the species in graphite-sa-
turated C–O–H fluids as a function of oxygen fuga-
city at 673 K, 1350 bar (H2 and CO were not con-
sidered). The red domain represents the oxygen
fugacity (ΔFMQ−1 to ΔFMQ−0.5) of the Type 1
fluid inclusions in the Seleteguole deposit. The mole
fractions of CO2, CH4 and H2O at various oxygen
fugacities were calculated using the GFluid program
of Zhang and Duan (2010). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.oregeorev.2019.103135.
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